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“It seems almost doubtless that the bony trabeculae disappear where, as a result 
of a curvature, they are no longer stressed. New bony elements must develop where 
the material is stressed as a result of bony regeneration or of curvature of the bone. 
… This leads us to the important conclusion that, in the proximal end of the human 
femur, bone is present only along the mathematical stress trajectories. Bone thus is built 
along the compression and tension lines.“  
 
    (Julius Wolff, 1877 1) 
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1 Introduction 
 The principles of “morphology reveals biomechanics”  
 
“To understand the law of bone remodeling requires precise knowledge of the internal 
architecture of normal bone…” (Julius Wolff 2) 
 
Following this preliminary words in his 1892 published treatise of the architecture of 
bone, Julius Wolff aimed to describe a general concept of bone´s functional adaptation 
to mechanical loading and explain it by mathematical theories. Ever since, these 
theories, often loosely referred to as “Wolff´s law”, became cornerstones in the concept 
of functional adaptation. They marked the beginning of the understanding of the relation 
between biomechanical demands and morphological expression and became focal 
points of research for more than a century. 
This era of research following “Wolff´s law” culminated in 1960 with the investigations of 
Friedrich Pauwels, who described the interchange between form and function within the 
human body not only for bone, but for other components of the locomotor apparatus as 
well. His defined theory of the “causal histogenesis” describes bone as well as soft tissue 
structures to be optimally adapted to the long-term load distribution in a defined area 3. 
Following these accomplishments, Tillmann et al. 4 described the increase and decrease 
of tissue in 1971 as response to the range of stress and Carter et al. 5 established the 
definition of the “loading history of bone” in 1989. 
The basic concept of the stated theories by Julius Wolff were explained and underlined 
by the example of the proximal end of the human femur. In his opinion, this was the most 
appropriate part of the body to illustrate his concepts. From the architecture of the 
femoral head and neck, direct relations to mathematical terms can be drawn and some 
work on the description of the internal morphology was already done. 
More precisely, Wolff quotes the work of the English author F. O. Ward, who firstly 
published a schematic picture of the internal architecture of the femoral head and neck 
in 1838. In the published book of osteology, Ward presents a coronal section and 
compares the trabecular arrangement to a crane (lamp bracket). In Wards interpretation, 
the trabecular arrangement following compressive and tensile stresses developed by 
the loading of the bone and can be clearly differentiated. 
 
 
6 
The distinguished three groups of trabeculae form (a) an archway that corresponds to 
the column of the crane; (b) a set of tensile stressed fibers representing the cross piece; 
as well as (c) a compressive group which resembles the general support of the crane 
(Fig. 1) 6. 
 
 
 
 
 
 
 
 
 
 
Figure 1 Ward´s distinguished groups of trabeculae in a coronal section through the center of 
the proximal end of the femur (1838) and the compared lamp bracket. 
 
Julius Wolff used these descriptions as base and investigated the pattern of the 
trabeculae further. He aimed to understand more about the three dimensional 
arrangements and analyzed sections in all three different planes and finds an even more 
complicated structural situation. He defines 50 trabeculae originating from the medial 
and 50 from the lateral side which run towards their opposite cortical wall of the head 
and neck of the human femur. In doing so, they intersect at 90° angles and insert 
perpendicular to the inner surface of the cortical bone (Fig. 2). 
To explain his findings of bone formation in a mathematical manner, he discussed the 
results with his colleague Karl Culmann from Zürich. Culmann, one of the leading 
engineers at that time, was head of the department for engineering science at ETH. 
Together, they discovered that the lines of compression and tension within the 
trabecular architecture of the femoral head are equally arranged to the ones in the newly 
designed Fairbairn crane that was built all over Europe since the 1850´ (Fig. 2). They 
then realized, that due to the incoming load of the human pelvic bone, the femur, as well 
as the crane, is stressed in bending. Consequently, the trabeculae originating from the 
medial side are under compression, the ones from the lateral side are under tension. If 
there were a lack of trabeculae or an insufficiency, the bone would collapse. 
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The mathematics performed by Culmann assumed a uniformly distributed load of about 
30 kg at the area around point (a) (Fig. 2). This would account roughly to the inactive 
standing phase of an adult human. The approximated compressions at the marked 
intersection points range from (b) 5.7 kg, (c) 51.6 kg, to the maximum of 163.3 kg (d) 
(Fig. 2). Given these results, one can understand why the cortical bone, which is 
composed of dense trabecular, is relatively thin in areas just beneath the articular 
cartilage and increasing in size and volume towards the shaft. In distant regions of the 
center of the applied load, the cancellous trabeculae converge to form a thick cortical 
bone which in its extension towards the diaphysis has to bear the greatest loads. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Culmann´s compression lines of a Fairbairn crane (left) in comparison to the trabecular 
arrangement of the human proximal femur (right) as described by Julius Wolff. 
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Following these observations, one can comprehend the stated fact that in bone 
formation, the femur is built in the most appropriate way possible. It used a minimum of 
material while having the ability to present sufficient stability for the mechanical 
demands and the attachment of the powerful muscles of the lower extremity. 
Going one step further and moving away from this static demonstrations, Julius Wolff 
performed experimental modifications of the static stressing in animal models and used 
observations on pathologically altered biomechanical situations as they are seen in 
clump foot patients and described the following: 
 
a) “Restitution of a new appropriate overall shape of the bone…; 
b) Resorption of previous trabeculae and formation of new trabeculae and plates of 
cancellous bone … adapted to the altered shape of the bone…;  
c) Development of new cancellous areas with appropriate architecture and 
medullary cavities…; and 
d) Formation of medullary cavities in the middle of cancellous bone.“ (7; page 29) 
 
These observations are the essentials for his theories of bone adaptation. Here, Julius 
Wolff states that not only the formation of bone is subjected to the applied mechanical 
load, but a change in load distribution essentially leads to a reconstruction to an optimal 
supportive structure.  
Friedrich Pauwels, who continued Wolff´s research, reinforced his ideas in the 1980 
published “Biomechanics of the locomotor apparatus”. Pauwels for himself described 
bone as remodeling throughout life, undergoing a constant process of formation and 
resorption to determine and obtain a situation of “ideal stress”. If the actual stress 
presents itself as larger as or smaller as the ideal situation, more bone is 
correspondingly formed or resorbed during the maintenance process. His findings lead 
to the conclusion that the “trajectorial arrangement of cancellous bone and its re-
orientation when the stressing is altered appear as a forceful consequence of the 
principle of construction of the bone” 8. 
  
 
 
9 
 Morphological parameters of functional adaptation within the 
Osteochondral Unit 
 
The above described adaptational processes lead to an intimate relationship between 
form and function is perhaps nowhere as evident as in the musculoskeletal system. 
Here, the individual tissue arises as reaction to a given mechanical stimuli from 
undifferentiated embryonic tissue and forms a hierarchy of structural and kinematic 
harmony. The final organic form itself strongly supposes that specific features exist for 
specific reasons (“law of functional adaptation”) which has been demonstrated through 
the analysis of the morphologic parameters within the osteochondral unit (OU) of 
synovial joints since it is known to be an integral and dynamic component that transmits 
and diverts the in- and out- coming forces through the joint 8, 9.  
Within itself, the OU consists of the articular cartilage on top, the following tidemark as 
separation line towards the calcified cartilage which lays on top of the thin cortical 
lamella known as the subchondral bone plate (SBP ) (Fig. 3) 10. Its complex three-
dimensional (3D) structure is due to the arrangement of sheets of parallel collagen fibrils 
which continue into the trabecular network of the spongy bone which form the basic 
framework for the embedded calcium hydroxyapatite. With its wave-like appearance, 
the SBP is known to be the mineralization front of the calcified cartilage, separating the 
cartilage and the subarticular spongiosa 11-13. 
 
 
Figure 3 Stained histologic sections of the Osteochondral Unit (with kind regards to the Institute 
of Anatomy, University of Basel). 
 
During the transmission process of incoming mechanical stress onto a joints surface, 
compressive, tensile or shearing stresses are created. They in their entirety define the 
crucial relationship between the long-term load intake and the morphology of the OU. 
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The external forces, depending on the extent of the local deformation, will lead to an 
increase or decrease of biologic material since the ability of an active response is given. 
As primary supportive tissue the articular cartilage and calcified cartilage react to the 
differences in incoming load with an adaptation of their regional thickness. One can say 
that the hyaline cartilage shows a greater thickness in a synovial joint in places where a 
greater load is applied onto the articular surface 14, 15. Shepherd et al. even discussed a 
correlation of this cartilage thickness of the joints of the lower extremity to the body mass 
index. They showed that the larger and heavier a body is, the thicker the hyaline 
cartilage presents itself within the lower limbs 16. 
Below these two parts, the SBP also holds pattern of a regular and reproducible 
structure. Regarding the thickness, current literature describes a high variability within 
and in-between joints. But, in general, convex shaped articular parts present a thinner 
SBP than the concave or flat counterparts 17, 18. In case of the tibial plateau for example, 
it has been shown that the greatest thickness as located at the centre of the contact 
areas with a steady decrease towards the periphery. Furthermore, the SBP of the medial 
condyle, where 60% of the load is transferred, is significantly thicker than the one on the 
lateral condyle 19-21. 
Next to the thickness, changes in long-term load intake cause integration and 
degradation of calcium hydroxyapatite within the collage framework in the SBP which 
generates distribution pattern of mineralization unique for each human and joint 13, 22, 23. 
According to Pauwels, the distribution of mineralisation within the SBP of the OU is the 
reflection of the long-term stress intake of an articular surface and represents the loading 
history 14, 24, 25. Altogether, areas with high mineralization resemble areas of high long-
term load intake and, together with the regional differences in distribution, mirror the 
biomechanical demands of the SBP. 
To analyse and display these pattern of density/mineral distribution, the method of 
computed tomography-osteoabsorptiometry (CT-OAM) was developed and described 
by Müller-Gerbl in 1998 13. Using conventional CT-Data, the method enables the display 
of the density distribution of the whole joint surface in a color-coded pattern and provides 
information about the long-term mechanical stimuli of the joint in-vivo. 
Results obtained with this method show in accordance to the described thickness of the 
SBP within the tibial plateau the zone of greatest mineralization located on the medial 
condyle where under physiologic conditions 60% of the load are transferred. It is directly 
located beneath the contact point with the femoral counterpart 26 (Fig. 4a). 
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For the glenohumeral joint, a reproducible monocentric or bi-centric pattern was 
described on the concave glenoid. On the humeral head, matching locations of high 
density zones are found 27 (Fig. 4b). 
Another newly conducted study on the human talus contributed to the theory of 
functional adaptation as well and described distribution pattern of mineral density in 
regards to the long-term load intake. As reported by Leumann et al., the biomechanical 
usage of the talar dome defines the anatomical structure and induces the mineralization 
within areas of high load intake 28 (Fig. 4c). 
 
 
Figure 4 Selected examples on density distribution pattern via CT-OAM.  
a. Tibial plateau, cranial view, left = lateral 
b. Glenoid cavity, lateral view, left: monocentric pattern, right = bi-centric pattern 
c. Talar dome, cranial view, left = medial 
 
Continuing this work and analysing the architectural adaptations of long-term load intake 
of the deepest layer of the OU, Nowakowski et al. showed that the trabecular network 
below the SBP is built and adapted to achieve a maximum of support. In areas with high 
load intake, they found the most stable 3D-formation of trabecular bone, in areas with 
low load intake a significantly less supportive arrangement 29. 
All these studies describe a regular and reproducible pattern of structural arrangements 
in accordance to the long-term load intake and suggest a strong correlation to the 
biomechanical situation of a joint. 
The sensitivity towards a biomechanical stimulation or, respectively a change of the 
force transmission, has been impressively demonstrated by Müller-Gerbl in 1998, where 
patients with knee malalignment were in focus of the investigations of the SBP. In their 
study, they found differences in the tibial density distribution in accordance to the altered 
mechanical loading. I case of a genu valgum, the mineral concentration on the lateral 
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tibial condyle was considerably raised with an extended maximum while the 
mineralization of the medial condyle was greatly reduced. In the case of a genu varum 
malalignment, not only was the mineralization of the medial condyle increased, but its 
location was shifted to the medial edge. One year after correction osteotomy, control 
trials showed the displacement of position as well as the alteration in mineralization 
shifted significantly back to a distribution in accordance to physiological loading 30. 
In this study, the functional adaptation, as it has been described by Julius Wolff and 
Friedrich Pauwels, was impressively demonstrated. 
 
 The biomechanics and known morphology of the human patella 
 
As the largest sesamoid bone of the human body, the patella centralizes the divergent 
forces deriving from the 4 heads of the quadriceps muscle and increases their functional 
lever arm by transmitting the generated force across the knee to the patellar tendon and 
tibial tuberosity at a greater distance from the axis of rotation. In the movement of sliding 
along the femoral condyles, the hyaline articular cartilage provides an aneural and 
frictionless thick tissue that is specifically adapted to the bearing of high compressive 
loads 28, 31. Additionally, it functions as a bony shield for the trochlea and the femoral 
condyles while the knee is in flexion 32. 
Since the tibia rotates laterally during the knee extension process, the tibial tubercle, as 
the insertion point for the patellar ligament, becomes laterally displaced. The so created 
quadriceps angle between the line of application of the quadriceps force and the 
direction of the patellar tendon produces therefore a lateral displacement vector 
(resultant force = Fr; Fig. 5a) of the patella in the frontal plane 33. In consequence, the 
contact area of the lateral patellar facet with the lateral femoral condyle within the 
patello-femoral joint (PFJ) is about 60% larger than on the medial side. The vector also 
leads to a consistently greater contact force on the lateral facet of the patella 34-37. 
This biomechanical situation within the PFJ accounts for the specific anatomical 
structure of the knee cap as a response. As studies on physiologic human patellae 
revealed, a predominant maximum of density on the lateral facet of the articular surface 
of the patella can be found (Fig. 5b). The described maximum decreases peripherally 
but shows extensions over the vertical ridge in between both facets onto the medial side. 
Furthermore, Eckstein at al. 38 showed a constant maximum in cartilage thickness on 
the lateral facet which correlates with the described density distribution (Fig. 5c). These 
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regular and reproducible distribution pattern of both mineralization of the SBP and 
cartilage thickness can be seen as an adaption of the locomotor system of long-term 
load intake in regards to the ideas of Julius Wolff. 
 
 
Figure 5 Biomechanical situation of the PFJ. 
a: Right femur and patella in distal view, Fr = resultant force of lateral displacement 
b: Patella, dorsal view, density distribution displayed via CT-OAM (in descending order: black,   
    red, orange, yellow, green, blue) 
c: Patella, dorsal view, cartilage thickness representation in adaptation of Eckstein et al. (in  
    millimeter) 
 
 
2 Aims of this work 
Unlike other joints, the PFJ has only recently generated interest in the scientific 
community. Consequently, the knowledge about any physiological or pathological 
distribution of both, structural parameters as well as mechanical ones is still sparse.  
In particular, the distribution of mechanical strength fields across the SBP and a method 
of evaluation in vivo will be of benefit for a better understanding of the long-term load 
distribution and the alteration through pathological processes. Regular load distribution 
could be evaluated, pathologies could be detected and an alteration process could be 
monitored over time. 
Apart from the above-mentioned, the trabecular system of the patella has only been 
investigated on 2D cuttings and requires further investigation. Full detail about the 3D 
arrangement is still missing.  
Of special interest is the trabecular arrangement in in dependence to the long-term load 
intake of the SBP. This way, it could be evaluated how the SBP distributes the load to 
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the inside of the bone and how areas of high and low load intake are structured as sign 
of adaptation.  
The changes within the SBP and trabecular structure could provide conclusive 
information concerning OA of the PFJ and the pathological mechanism it initiates. So 
far it is understood that the properties of joint cartilage change as to maintain tissue 
homeostasis. Next to matrix remodelling, the cartilage adapts by cell proliferation and 
the pressure distribution is altered, however the mechanism of adaptation of the 
structures beneath the cartilage is not understood. 
 
Therefore, we aim to investigate the Osteochondral Unit of the human patella and show 
that the anatomical architecture represents a direct adaptation to the loading history. 
The three main investigations will include: 
 
• the analyses of mechanical properties of the SBP in regards to its density 
distribution; 
 
• the investigation of the subarticular bone for its structural and numerical 
parameters of trabecular network; and 
 
• the changes occurring in above mentioned systems in degenerated samples. 
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3 Outline of this thesis 
This thesis is the outcome of a cumulative 4 year study about the adaptation of 
anatomical characteristics in regards to the mechanical influences and analyses the 
sequential expression of bony properties of the SBP as well as the trabecular network 
on a historical record of the “loading history. 
The publications arising combine the methods of medical imaging analysis via CT- and 
micro-CT as well as mechanical testing. 
(i) While the first aspect examines a visually displayed density distribution of the SBP in 
regards to its strength field distribution measured via indentational testing,  
(ii) the second publication focuses on the distribution of the mechanically adapted 
trabecular bone beneath the subchondral bone plate. 
(iii) In a last study, we will compare the generated information to a sample population 
which is altered due to degenerative effects and show classified sign of OA. 
Chapter 4 discusses the extent of the Osteochondral Unit and the adaptation to the long-
term load intake. It is shown, how highly differentiated the system remodels and reveals 
a congruency towards the biomechanics of the patello-femoral joint. In addition, changes 
in the homeostasis due to osteoarthritic changes are explained. 
This thesis is completed by a conclusion as well as an outlook on the importance of the 
cellular level of bone in Chapter 5.  
 
All analysis focused on the human patella where sparse information is available and 
which is of rising surgical and orthopedically interest. 
The anatomical structures under investigation where chosen in consecutive order from 
the whole bone to a microscopic level and where published in pear reviewed journals.  
The submission criteria was the journals aim of structural level analysed. 
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4 Publications arising from this thesis 
 Density and strength distribution in the human subchondral bone plate 
of the patella 
 
Sebastian Hoechel (1), Dieter Wirz (2,3), Magdalena Müller-Gerbl (1) 
 
(1) Institute of Anatomy, University of Basel, Switzerland 
(2) Laboratory of Biomechanics & Biocalorimetry, University of Basel,  
     Switzerland 
(3) Bruderholzspital, Basel, Switzerland 
 
International Orthopaedics (SICOT), 2012 
DOI 10.1007/s00264-012-1545-2 
 
 
• Aim: Identifying the topographical density distribution as described in literature for 
every individual patella and analysing the mechanical strength field distribution within 
the SBP to find possible correlations and link the mechanical strength to the long-
term load uptake.  
 
Hypothesis: 
• As described for the density distribution of human patellae, the strength field 
distribution is also not of homogenous nature; 
• Areas of high density will be areas of highest strength; 
• There is a correlation between density and strength field distribution within the 
whole of the SBP that allows us to draw direct conclusions from density to 
strength; and 
• High long-term load intake triggers bony tissue to react with an increase in 
strength. 
 
Experimental Approach: 
To address this question, we performed a cross-sectional study of 10 pairs of healthy 
human patellae (Outerbridge classification: grade 0). Using the method of CT-OAM, we 
displayed the density distribution of the SBP and acquired density values (Hounsfield-
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units) at predefined measuring points (ANALYZE 8.1, Biomedical Imaging Resource, 
Mayo Foundation, Rochester, USA). In collaboration with the Laboratory of 
Biomechanics & Biocalorimetry, University of Basel, indentation tests were performed 
on all samples at the corresponding measurement points. For comparison of results, we 
generated two-dimensional (2D) distribution charts based on our measuring grid system 
for visual comparison. Finally, the displayed data was evaluated using regression 
analysis. 
 
Outcome: 
The analysis showed density distribution pattern with a localized maximum of density 
on the lateral facet, decreasing concentrically. As for the mechanical strength 
distribution, we found similar results, which are in correlation to the density distribution 
(r2 = 0.89 - 0.97; Ø 0.92). The results demonstrate that the SBP as dynamic component 
transmits forces through the joint and therefore adapts to its mechanical needs. The 
known theories of stress distribution through the patello-femoral joint are in strong 
agreement with the density and strength distribution pattern. It was shown that areas of 
high long-term load transmission increase their density by osteoblastic deposition of 
calcium hydroxyapatite and therefore also increase the mechanical strength. A 
statistically significant direct relationship of strength and density links both morphological 
parameters and therefore allows conclusions from one to the other. 
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 Insight into the 3D-trabecular architecture of the human patella 
 
Sebastian Hoechel (1), Georg Schulz (2), Magdalena Müller-Gerbl (1) 
 
(1) Department of Biomedicine, Musculosceletal Research, University of Basel,  
     Pestalozzistrasse 20, 4056 Basel, Switzerland 
(2) Biomaterials Science Center, University of Basel, Schanzenstrasse 46, 4056 
     Basel, Switzerland* 
 
*Supported by the Swiss National Science Foundation (Grant 316030_133802/1) 
 
Annals of Anatomy, 2015 
DOI 10.1016/j.aanat.2015.02.007 
 
 
Motivation: 
In literature, this expression of “Wolff’s law” was incipiently discussed by Ficat and 
Hungerford in 1977 39. They described the sheets of trabecular bone as more or less 
parallel to each other but perpendicular to the coronal plane of the patella and therefore 
slightly oblique vis-à-vis the articular facets. The described results are interpreted as an 
architectural behavior in dependence to the applied tensile forces and to ideally meet 
the mechanical demands. At about the same time, Raux et al. also worked on the 
trabecular architecture of the human patella 40. Their analysis of microradiographs, 
derived from sagittal and horizontal cuts, went one step further and firstly described a 
sheet-and-rod model. Here, orientated sheets of bony tissue which accounted for 
trabeculae were connected laterally by rods. The lamellae on the lateral facet are 
described to be more parallel and orientated than on the medial one, which, in its 
systematic manner, is descripted as response to the biomechanical demands of the 
patella. 
Considering these cornerstones of trabecular analysis, I tried to go one step further. 
 
• Aim: Taking the Evaluation of structural parameters one step further and 
analysing the 3D-architecture of the trabecular network below the SBP of non-
pathological human patellae with regards to the long-term load intake of the 
patello-femoral joint as it is mirrored in the density distribution of the SBP. 
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Hypothesis: 
• Structural and numerical parameters of trabecular architecture will vary between 
the lateral and the medial facet of the patella; 
• They as well will show differences in distribution throughout each articular surface 
and also vary in function of the distance to the SBP; and 
• The trabecular architecture will resemble an adaptation to the long-term load 
intake in way to optimally support the SBP in a matter of “form follows function” 
as described by Julius Wolff. 
 
Experimental Approach: 
For this study on non-pathologically altered human patellae (Outerbridge classification: 
grade 0), 10 isolated samples were evaluated. After assessing the density distribution 
of the SBP via the method of CT-OAM, the sample collection was scanned with a 
phoenix nanotom® m for research and industrial requirements using 
3D-metrology to create 3D-reconstructions of the samples. To assess the parameters 
of architecture of these reconstructions, a cascade of software system was used. The 
visualization and measurement software VGStudio® Max 2.2 (Heidelberg, Germany) 
was used to predefine regions of interest, MATLAB® (MathWorks, Natick, 
Massachusetts, U.S.A) to binary datasets, and SkyscanTM CT-analyser (Skyscan N.V., 
Aartselaar, Belgium) to calculate the architectural parameters of interest. 
The resulting data was visualized and statistically evaluated. 
 
Outcome: 
The arrangement and architecture of the trabecular varied strongly throughout the 
trabecular system of the patella. Across the articular surface, each parameter was 
distributed distinctively. Parameters resembling a strong supportive arrangement 
showed a maximum on the lateral facet where parameters describing a weak 
arrangement showed a minimum. These pattern were consistent throughout the 
evaluated depth-steps down to 5 millimetres below the SBP but consistently lessened 
in intensity. The correlation to the density distribution (BV/TV: r2 > 0.81; Tb.N: r2 > 0.88; 
Tb.Th.: r2 > 0.79; DA: r2 < -0.76; and SMI: r2 < -0.75) was significant (p < 0.05). 
The results clearly support the hypothesis that the trabecular network, in its function to 
support the SBP, adapts to its mechanical needs according to the long-term load intake 
of the PFJ. 
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In addition to the 3D-measurements, the simulation of 2D-measurements of the same 
datasets reveals systematic differences. The quantification of these divergences gives 
conclusive evidence that certain parameters are measured lower and others are 
overstated in previously described 2D-measurement data found in literature. 
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 Osteoarthritis alters the patellar bones subchondral trabecular 
architecture 
 
Sebastian Hoechel (1), Hans Deyhle (2), Mireille Toranelli (1), Magdalena 
Müller-Gerbl (1) 
 
(1) Department of Biomedicine, Musculosceletal Research, University of Basel,  
     Pestalozzistrasse 20, 4056 Basel, Switzerland 
(2) Biomaterials Science Center, University of Basel, Gewerbestrasse 14, 4123  
     Allschwil, Switzerland* 
 
*Supported by the Swiss National Science Foundation (Grant 316030_133802/1) 
 
Under current revision at the “Journal of Orthopaedic Research” 
 
 
Motivation: 
In case of a faulty relationship between the loading of a joint and the ability of its 
components to support this biomechanical alteration, the pathogenesis of osteoarthritis 
(OA) as a disease of the whole joint may arise 41, 42. Whether the primary lesion, which 
initiates this process, is located within the cartilage of the joint or the SBP is to date still 
debated. Nevertheless, models of induced arthritis led to subchondral bone changes 
where subsequent trabecular remodelling led to a less compliant architectural 
arrangement followed by excessive stress peaks in the overlying structures 43, 44. As 
response, the cartilage reacts with a matrix remodelling and cell proliferation, which 
significantly alters the pressure transfer onto the SBP. 
According to the idea of a functional adaptation, these changes in pressure distribution 
must have consequences concerning the mineralization of the SBP and the trabecular 
architecture. Previous studies already began to analyse the effect of OA onto the 
trabecular network. Authors describe the resulting impairments in OA with an increase 
in bone volume due to an uncoupled balance between resorption and formation, whether 
through an increase in trabecular number and a reduced spacing or a simple thickening 
of trabeculae 45-47. 
 
 
 
37 
• Aim 3: Taking the above described studies as a base, we aimed to describe the 
mineralization and the thickness of the SBP of pathologically altered human 
patellae (Outerbridge classification: grade IV) as marker of the altered long-term 
load intake of the patella and search for possible alterations within the trabecular 
architecture in comparison to results of the healthy sample collection of 2.2. 
Furthermore, the trabecular network was analysed in 1 mm steps (layers), 
starting just beneath the SBP to a depth of 5 millimetres, in order to describe 
possible changes in their development as a function of depth. 
 
Hypothesis: 
• Due to cartilage lesion the energy dissipation and spreading within the joint is 
disrupted – the protection of the underlying SBP is defective and the absolute 
values of density will be higher with a smaller area of distribution; 
• The trabecular network will be larger in volume and surface in order to deal with 
the higher and less diverted impact forces compared to non-OA samples; and 
• The SMI will highly differ in both study groups due to newly developed cross-
linked trabecular”. 
 
Outcome: 
 
The OA study population, in contrast to the physiological non-OA samples, revealed no 
specific distribution of maxima as well as minima but presented an irregular distribution 
pattern in regards to the long-term load intake. Multi-sided maxima and minima of 
BV/TV, Tb.Th. and Tb.N as well as Tb.Sp. and SMI were present, which did not reveal 
any regularity. 
The trabecular parameters differed significantly in between both sample populations. 
BV/TV, Tb.Th. and Tb.N showed lower absolute values in the OA group. The difference 
in relation to the non-OA patella decreased with depth. BV/TV’s difference in the 5th mm 
was 55.8% of that of the first mm, Tb.Th. 77.8% and Tb.N 63.1%. Tb.Sp. and SMI 
revealed significant higher values, which also decreased in difference to the non-Oa 
group with depth (Tb.Sp. 51.7%, SMI 46.9%). 
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5 Summary 
 
The cornerstone of the presented studies is the concept of functional adaptation of the 
musculoskeletal system. In detail, it is the fact that bone, as rigid as it is, is a dynamic 
component within the human body that adapts to its mechanical needs over time. 
The basis and initial foundation of this concept clearly is the work of Julius Wolff, who, 
in his 1892 published main work, described the functional adaptation and transformation 
of bone in accordance to the pressure and stress that is put on it. He, with his main work, 
established the autonomy of Orthopaedics, which enabled the launch of the “German 
Orthopaedic Society” (“Deutsche Gesellschaft für Orthopädie”) in 1902. 
Following his ideas, many researches as well as critics, worked for decades to increase 
the knowledge of musculoskeletal adaptation through the difference in load distribution 
down to the level of genetic predisposition. 
The presented thesis deals with the macroscopic and microscopic structural adaptation 
of the SBP and trabecular architecture of the human patella. 
As main tool for analysis, the Method of CT-OAM was used to provide an insight into 
the long-term loading history of every individual sample. By the visualization of the 
density distribution, as it is acquired through conventional CT investigations, the 
mineralization as mirror of the long-term loading history resembles the biomechanical 
situation of every individual patella. Since in healthy PFJs the main load is transmitted 
onto the lateral facet of the patella, CT-OAM showed the highest density there. 
As functional adaptation of the SBP to the present biomechanical situation, its 
mechanical properties show significant correlations. Not only is the thickness of the SBP 
the highest in areas of high density, but also penetration strength as mechanical 
property proofed to have its peak here. 
The trabecular network just below the SBP also revealed structural properties in 
accordance to the biomechanical situation represented by CT-OAM. Structural 
parameters which describe an accumulation of bone in order to maximize the support 
were found to have peak values just beneath areas of high density. These maxima, in 
correlation with the density, decreased towards the periphery where less support is 
necessary. Altogether, one can say that the trabecular network, in its way to support the 
SBP, adapts to its needs by using as much material as necessary and as less as 
possible. Interestingly, the parameters also showed a more homogenous distribution 
within the depth of 5 mm than just below the SBP. Following Wolff’s law, this can be 
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seen as adaptation to the more equally distributed forces within the depth of the bone in 
comparison to just beneath the articular surface. 
Next to the described adaptational bone formation, the last study dealt with the 
transformation of bone. The evaluated OA samples clearly revealed a long-term 
distribution within the SBP that was not physiologic. No regularities of density distribution 
were found. Maxima and minima were spot-like scattered over the entire SBP. Here, the 
altered density distribution reveals a pathological transformation of the SBP in response 
to the difference in pressure distribution from the cartilage above. In consequence, the 
trabecular network below transformed as well. Regularities, as there were found within 
the healthy population, were not seen. The evaluated parameters showed a highly 
inhomogeneous distribution but revealed generally less bony material in comparison to 
the healthy samples. The absolute difference of bone in comparison to the healthy 
collection reduced with depth, accounting for a decrease of the effect of the OA with 
depth. 
Altogether, the results from the analysis of the human patellae nicely show and describe 
the structural adaptation of bone to the applied long-term loading history and ones again, 
follow Wolff’s hypothesis. 
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6 Conclusions and Outlook 
The beautiful and extraordinary designs in mammals and plants have undoubtedly 
fascinated people throughout history but are perhaps nowhere as evident as in the 
musculoskeletal system of men. 
In muscles, ligaments, tendons, bones and cartilage of all vertebras we see a delicately 
order that manifests itself as organ, tissue and cells down to the molecular level. This 
hierarchy is not random, but exists as a harmony of complex control mechanisms in 
which genes and mechanical forces provide control. 
The final level of perfection might be the human form itself where specific features are 
thought to exist for specific reasons. One can say that the final function of a structure 
justifies its existence. 
As for the skeletal adaptations within mankind, it was proposed that the relationship 
between physical forces and morphological modifications alter the design of an 
organism for its final function more than a century ago. 
This “functional adaptation” of the individual bony setting was described to appear due 
to direct biological responses to mechanical stimuli like the long-term loading history of 
a skeleton. 
Proof can be found in countless macroscopic saw-cut bony analysis over the century as 
they were performed by Julius Wolff, Wilhelm Roux, Peter Townsend or Giles Scuderi 
(to name just a few), who postulated that mechanical forces shape tissue bye the 
detailed observation that trabeculae match the principal stress lines. The tools to directly 
and individually test such ideas experimentally were not available at times, so 
interestingly, the development within the field of mechanobiology was linked to derived 
microscopic and medical imaging techniques almost one century later which lead to a 
recent renaissance in the field of mechanobiology. 
This recently reacquired field of study developed itself into two different, but 
complemental directions.  
One was the way of using the advanced techniques in “medical-imaging” to directly 
study the individual long-term loading history in relation to the linked anatomical 
representation of subchondral structures. Here, we showed within this thesis an 
adaptation of architectural parameters of bone in regards not only to the principal stress 
lines, but to the individual stress line distribution within the patella-femoral joint. Next to 
that, an alteration in the case of OA was also demonstrated, representing this system to 
be not only of a static, but highly dynamic nature.  
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By undertaking “medical-imaging” and “indentation-testing” investigations, we purposely 
decided to study the mechanobiology at a level of whole bones.  
A level of analyzing bone so small, it reaches a cell biology level, is the second way that 
developed due so the newfound methods of microscopic methods. Here, the forces 
transmitted through the joint are divided down onto a cellular level and the genetic 
responses such as proliferation, differentiation and the metabolic activity as regulatory 
processes are assessed. 
For bone, the above in detail described structural properties can be interpreted on a 
cellular level of investigation following the “Mechanobiology hypothesis” of Carter and 
Beauprê (1984, 2007). Hey proclaimed that the genetic disposition of bone, the 
biological component (rb) is dominant during the juvenile growth period after been taken 
over by the mechanical component (rm) after the growth cycle. The rm following models 
the bone in a way to experience optimum strain levels via the strain energy density 
(SED). This SED is the summation of load intake moments that triggers a fluid flow within 
the widely spaced lacunae of bone which are interconnected. The resulting oscillatory 
fluid flow administers a cell response via streaming potentials, chemo-transport and wall 
shear stress. The latter is believed to stimulate a subsequent metabolic activity that 
leads to the delicate differentiation of each structural component until the systems 
experiences an optimum strain level due to the high degree of differentiation. 
The resulting bony architecture stimulated by these processes is therefore in strong 
correlation to the load and strain distribution. 
 
Despite this knowledge, it also has become clear, that most eukaryotic cells can 
generate intracellular force that act on the surrounding extracellular matrix and 
neighboring cells which seems critical for cell migration, differentiation and self-renewal. 
If due to cartilage degeneration the rm is altered and OA arises, this self-generated 
intracellular force might be the key to trigger bone renewal. 
So, after investigating the adaptation of bone on a level of whole bones, the future will 
undoubtedly be the investigation of the cellular level.       
   
 
 
50 
7 Abbreviations 
General abbreviations 
Ø  - arithmetic mean 
r2  - coefficient of determination 
CT-OAM - computed tomography-osteoabsorptiometry  
OA  - osteoarthritis / osteoarthritic 
OU  - osteochondral unit  
PFJ  - patello-femoral joint  
SBP  - subchondral bone plate 
 
Structural bone parameters 
BV/TV - bone volume per total volume 
DA  - degree of anisotropy 
SMI  - structure model index 
Tb.N  - trabecular number 
Tb.Sp. - trabecular spacing 
Tb.Th. - trabecular thickness 
 
Numerical abbreviations 
2D  - two-dimensional  
3D  - three-dimensional 
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